nature neurOSCIenCe a r t I C l e S Synaptic adhesion molecules regulate diverse aspects of synapse development and plasticity [1] [2] [3] [4] [5] [6] [7] [8] [9] . Mechanistically, trans-synaptic adhesions are thought to trigger the recruitment of a large number of pre-and postsynaptic cytoplasmic and membrane proteins, contributing to the formation of synapses. Some other synaptic adhesion molecules are thought to be targeted to synapses and contribute to the maintenance of synapses, by interacting with and stabilizing synaptic proteins. Given that postsynaptic receptors are important for the establishment, maintenance and plasticity of synaptic strength, synaptic adhesion molecules are expected to interact with postsynaptic receptors, but the molecular details are largely unclear.
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Recent studies have described several interactions between synaptic adhesion molecules and postsynaptic receptors. One example is that between N-cadherin and AMPARs 10, 11 , in which N-cadherin recruits AMPARs to excitatory synapses, decreases the surface mobility of AMPARs by immobilizing them at the synapse, and promotes GluA2 (a subunit of AMPARs)-dependent spine morphogenesis and excitatory synaptic transmission 11 . N-cadherin also forms a complex with β-catenin and AMPARs in a calcium-dependent manner, and enhances the surface expression of AMPARs 10 . Another example is neuroligin-1, which interacts with the GluN1 subunit of NMDA receptors (NMDARs) through extracellular domains 12 . In addition, several synaptic adhesion molecules, such as neuroligin-2, NGLs, SALMs, LRRTMs, TrkC and neuroplastin-65, have been shown to associate with NMDARs, AMPARs and GABA receptors [1] [2] [3] [4] [5] [6] [7] [8] [9] 13 . Although the mechanistic details of these interactions remain unclear, these results suggest that adhesion molecules and postsynaptic receptors may act in concert to regulate diverse steps of synapse development.
IgSF11 (also known as BT-IgSF) was originally identified as a member of the immunoglobulin superfamily and termed BT-IgSF for its preferential expression in the brain and testis 14 . IgSF11 mediates homophilic adhesion in a calcium-independent manner 15 . In zebrafish, IgSF11 regulates the formation of adult pigment patterns by controlling the migration and survival of melanophores 16 . Notably, IgSF11 expression levels are decreased in neurons derived from induced pluripotent stem cells of schizophrenic individuals, which also show decreased neurite number and neuronal connectivity 17 . These findings suggest that IgSF11 may regulate aspects of neuronal development and synapse formation.
a r t I C l e S
We found that IgSF11 interacts with PSD-95 and AMPARs in a tripartite manner. Using knockdown, dominant-negative inhibition, single-molecule tracking, in vivo mouse deletion and virus rescue experiments, we observed that IgSF11 is targeted to excitatory synapses through its interaction with PSD-95 and regulates AMPARmediated synaptic transmission and plasticity.
RESULTS

IgSF11 interacts with PSD-95
Using a yeast two-hybrid screen, we identified IgSF11 as a binding partner of PSD-95. IgSF11, which is conserved among various vertebrate species (Supplementary Fig. 1 ), contains two extracellular Ig domains, a trans-membrane domain and a C-terminal PDZ-binding motif (Fig. 1a) . IgSF11, along with CAR (coxsackievirus and adenovirus receptor), ESAM (endothelial cell-selective adhesion molecule) and CLMP (coxsackie-and adenovirus receptor-like membrane protein), belongs to the CAR subgroup of the CTX family of Ig-like cell-adhesion molecules (Supplementary Fig. 2a ) 18 . Data in the Allen Brain Atlas indicate that IgSF11, CAR, ESAM and CLMP mRNAs are abundantly expressed in various mouse brain regions ( Supplementary Fig. 2b) .
In situ hybridization detected IgSF11 mRNA in various regions of the rat brain, including the olfactory bulb, cortex, striatum, hippocampus and cerebellum (Fig. 1b,c) , consistent with previous northern blot and in situ hybridization data 14 . IgSF11 protein (~52 kDa, 428 amino acids in rats) was detected in several rat brain regions and their levels steadily increased during brain development (Fig. 1d,e) . IgSF11 protein was detected in synaptic fractions, including crude synaptosomal and postsynaptic density fractions (Fig. 1f,g ).
The interaction between IgSF11 and PSD-95 involved the C-terminal PDZ-binding motif of IgSF11 and the first two PDZ domains of PSD-95 ( Fig. 1h and Supplementary Fig. 3 ). In the rat brain, IgSF11 formed a complex with PSD-95, but not with other PSD-95 family proteins (PSD-93, SAP97 and SAP102; Fig. 1i ). In cultured hippocampal neurons, a mutant IgSF11 that lacks the PSD-95-interacting C-terminal tail (IgSF11 ∆C3) showed decreased spine localization relative to wild-type IgSF11 (Fig. 1j) , suggesting that IgSF11 is targeted to excitatory synapses in a PDZ bindingdependent manner.
IgSF11 lacks synaptogenic activity
Because PSD-95-associated synaptic adhesion molecules often display synaptogenic activities, we tested whether IgSF11 was capable of inducing synaptic protein clustering in contacting axons or dendrites of co-cultured neurons. We found that HEK293T cells expressing IgSF11 did not induce clustering of the presynaptic marker synapsin in contacting axons or the postsynaptic scaffolds PSD-95 (excitatory) and gephyrin (inhibitory) in contacting dendrites (Supplementary Fig. 4a-c) . Consistent with this, IgSF11 lacked interactions with known synaptic adhesion molecules, including neuroligins, LRRTMs, NGLs, SALMs and ADAM22 (Supplementary Fig. 4d ).
IgSF11 interacts with AMPARs
IgSF11 binding to PSD-95 could bring IgSF11 in close proximity to other PSD-95-associated membrane proteins such as AMPARs. We asked whether IgSF11 associates with AMPARs. Notably, IgSF11 formed a co-immunoprecipitable complex with the GluA1 and GluA2 subunits of AMPARs, but not with the GluN1 subunit of NMDARs, in rat brains (Fig. 2a) . In COS7 cells, IgSF11 also formed complexes with GluA1 and GluA2 (Fig. 2b) . Experiments with deletion variants of IgSF11 revealed that the transmembrane domain of IgSF11 was important for the interaction with GluA1 ( Supplementary Fig. 5 ). npg a r t I C l e S
In triply transfected heterologous cells, IgSF11 colocalized with both GluA1 and PSD-95 in discrete clusters (Fig. 2c) . In contrast, IgSF11 ∆C3 failed to colocalize with PSD-95, but maintained its association with GluA1. Similar results were obtained with the GluA2 subunit. We next found that IgSF11 proteins expressed in two neighboring cells accumulated at sites of cell-to-cell contacts, forming a zipper-like line in which GluA1 and PSD-95 co-accumulated (Fig. 2d) . These results suggest that IgSF11 forms a tripartite complex with PSD-95 and AMPARs, and recruits them to sites of IgSF11 adhesion on the cell surface.
IgSF11 knockdown suppresses surface AMPAR clustering
To explore IgSF11 function, we acutely knocked down IgSF11 using shRNA. In cultured hippocampal neurons, IgSF11 knockdown (sh-IgSF11#1) reduced the integrated intensity and number of surface GluA2 clusters, whereas a mutant shRNA construct (sh-IgSF11#1*) had no such effect (Fig. 3a-c and Supplementary Fig. 6a ). Similar results were obtained for GluA1 (Supplementary Fig. 7a-c) . In contrast, sh-IgSF11#1 had no effect on the number or intensity of PSD-95 clusters (Fig. 3d-f ) or excitatory synapses (synapsin I-positive PSD-95) ( Supplementary Fig. 7d-g ). An independent knockdown construct for IgSF11 (sh-IgSF11#2) yielded similar results for surface GluA2 and PSD-95 ( Supplementary Figs. 6b and 7h-k) .
IgSF11 knockdown suppresses AMPAR synaptic transmission
Functionally, IgSF11 knockdown in cultured rat neurons reduced both the frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs), causing a greater reduction in the , and stained for surface GluA2 and EGFP (for transfected neurons). au, arbitrary unit; n = 19 for sh-vec, 18 for sh-IgSF11#1 and 17 for sh-IgSF11#1*; *P < 0.05, ***P < 0.001, ns indicates not significant (P > 0.05), oneway ANOVA. Scale bar represents 10 µm.
(d-f) IgSF11 knockdown had no effect on dendritic PSD-95 clusters. Cultured neurons were transfected with sh-vec, sh-IgSF11#1 or sh-IgSF11#1* (DIV14-17) and immunostained for EGFP and PSD-95. n = 18 for sh-vec, 18 for sh-IgSF11#1 and 17 for sh-IgSF11#1*, ns indicates not significant (P > 0.05), one-way ANOVA. Scale bar represents 10 µm. npg a r t I C l e S frequency (Fig. 4a) . Similarly, IgSF11 knockdown in hippocampal CA1 neurons in rat slice culture caused a reduction in AMPAR-mediated synaptic transmission (EPSC AMPA ), but not NMDA-mediated transmission (EPSC NMDA ), at Schaffer collateral (SC)-CA1 pyramidal synapses (Fig. 4b,c) . Control slices transfected with empty knockdown vector (sh-vec) had no effect on either EPSC AMPA or EPSC NMDA (Fig. 4b,c) . IgSF11 knockdown in slice culture CA1 pyramidal neurons caused decreases in mEPSC frequency and amplitude, with a greater effect on the frequency (Fig. 4d) , similar to the results of IgSF11 knockdown in dissociated hippocampal neurons (Fig. 4a) . In addition, these decreases were rescued by coexpressed shRNA-resistant IgSF11 to levels comparable to those of untransfected control neurons ( Fig. 4d and Supplementary Fig. 6c,d ), pointing to the specificity of the knockdown construct. These results suggest that IgSF11 is important for AMPAR-mediated synaptic transmission.
IgSF11 knockdown increases surface mobility of AMPARs
Thus far, our results suggest that IgSF11 is localized at excitatory synapses via its interaction with PSD-95 and enhances the synaptic stability of AMPARs. If this is the case, the lack of IgSF11 should enhance the diffusion of AMPARs out of synapses and increase AMPAR mobility on the dendritic surface, as previously suggested 19 .
To test this idea, we performed high-throughput, single-molecule tracking of surface AMPARs in live neurons using the universal points-accumulation-for-imaging-in-nanoscale-topography (uPAINT) method, which monitors the diffusion dynamics of a large number (tens of thousands) of surface proteins 20 .
Analyses of single-molecule trajectories of approximately 31,000-45,000 surface GluA2 molecules in live cultured hippocampal neurons revealed that IgSF11 knockdown (sh-IgSF11#1) increased the mobile fraction of AMPARs by ~50% compared with control neurons transfected with sh-IgSF11#1* or Homer1C::GFP alone, which was expressed in all neurons to mark excitatory synapses and dendritic spines (Fig. 5a-c) . These results suggest that IgSF11 promotes synaptic retention of AMPARs.
AMPARs that are not stable at synapses should also be more likely to undergo endocytosis. To test this idea, we performed antibody feeding assays in which N-terminally HA-tagged GluA2 on the surface of live neurons is labeled with HA to monitor GluA2 endocytosis. IgSF11 knockdown in cultured neurons enhanced internalization of GluA2, as compared with control neurons transfected with empty knockdown vector (Fig. 5d) , and also decreased the steadystate levels of surface GluA2 (Supplementary Fig. 8 ). These results suggest that IgSF11 knockdown reduces the synaptic and surface stability of AMPARs.
IgSF11 inhibition suppresses AMPAR transmission
We next tested whether overexpression of IgSF11 affected AMPARmediated synaptic transmission using herpes simplex virus (HSV)-mediated delivery of the Igsf11 gene into dentate gyrus (DG) granule cells. The amplitude and frequency of mEPSCs in IgSF11-transduced npg a r t I C l e S DG granule cells were substantially different from those in control neurons expressing enhanced GFP (EGFP; Fig. 6 ), which suggests that the endogenous levels of IgSF11 proteins are sufficient to support synaptic stabilization of AMPARs. Notably, the frequency of mEPSCs in EGFP-expressing neurons showed a decreasing tendency relative to uninfected controls, which may be attributable to HSV infection. In contrast with wild-type IgSF11, PSD-95 binding-defective IgSF11 (IgSF11 ∆C3) induced a reduction in the amplitude, but not frequency, of mEPSCs in DG granule cells, relative to EGFP-infected control neurons (Fig. 6) . This suggests that IgSF11 ∆C3 suppresses AMPAR-mediated transmission in a dominant-negative manner.
IgSF11 does not affect functional properties of AMPARs
We next tested whether IgSF11 regulates the functional properties of AMPARs by coexpressing IgSF11 with GluA1 in heterologous cells. When coexpressed with GluA1 in HEK293FT cells, IgSF11 had no effect on the kinetic properties of AMPARs, including deactivation, desensitization and recovery from desensitization (Fig. 7) .
These results suggest that IgSF11 regulates synaptic strength without changing the functional properties of AMPARs.
Reduced mEPSC amplitude in Igsf11 −/− DG granule cells To explore the in vivo functions of IgSF11, we generated two lines of IgSF11-deficient mice, one using gene trap and the other using npg a r t I C l e S conventional gene knockout methods (Igsf11 −/− (LacZ) and Igsf11 −/− , respectively), both of which lacked detectable IgSF11 proteins in the brain (Fig. 8a,b and Supplementary Fig. 9 ). IgSF11 protein expression, as determined by X-Gal staining of Igsf11 −/− (LacZ) brain slices, was barely detectable at postnatal day 5 (P5), but was clearly detected in a number of subcortical regions by postnatal week 2 (Supplementary Fig. 10 ). IgSF11 expression gradually increased and largely concentrated in the hippocampus over the postnatal 3-12-week period. In the hippocampus, IgSF11 expression was approximately threefold stronger in the DG than in the CA1 region at 3 weeks (Fig. 8c) , consistent with in situ hybridization results. Expression levels of synaptic proteins, including synaptic scaffolding proteins, signaling molecules and glutamate receptor subunits, were not changed in Igsf11 −/− (LacZ) mice (Supplementary Fig. 11) .
Functionally, DG granule cells from Igsf11 −/− (LacZ) and Igsf11 −/− mice showed a similar reduction in the amplitude of mEPSCs (to ~90% of wild-type levels), with no change in the frequency (Fig. 8d,e) . In contrast, hippocampal CA1 pyramidal neurons from both Igsf11 −/− (LacZ) and Igsf11 −/− mice (in which IgSF11 expression is relatively weak) showed no significant changes in mEPSC amplitude or frequency compared with wild-type mice (Fig. 8f,g ). When DG granule cells in acute slices were incubated with AMPA (1 µM), a condition known to induce mainly extrasynaptic AMPAR currents 21 , there was no difference in AMPAR currents between genotypes (Supplementary Fig. 12 ).
Re-expression of IgSF11 rescues reduced mEPSC amplitude
In the rescue experiment, re-expression of IgSF11 in Igsf11 −/− DG granule cells (P20/21-23/24) by HSV-mediated gene delivery significantly improved the reduced amplitude of mEPSCs, as shown by the levels of mEPSC amplitude comparable to those of EGFP-expressing wild-type neurons, but different from those of EGFP-expressing knockout (KO) neurons (Fig. 8h) .
In contrast, IgSF11 ∆C3, which lacks PSD-95 binding, expressed in KO neurons yielded levels of mEPSC amplitude that were not different from those of EGFP-expressing KO neurons (Fig. 8h) . Notably, mEPSC amplitudes in KO neurons expressing IgSF11 and IgSF11 ∆C3 were not different, indicative of a partial rescue. These results suggest PSD-95 binding is important for, but partly contributes to, IgSF11-dependent regulation of AMPARs.
Suppressed LTP at Igsf11 −/− SC-CA1 synapses When synaptic plasticity was measured, Igsf11 −/− MPP (medial perforant pathway)-DG synapses showed normal long-term potentiation (LTP) induced by four trains of high-frequency stimulation (Fig. 8i) . Basal transmission (input-output relationship) and the paired pulse ratio at these synapses were not different between genotypes (Supplementary Fig. 13a,b) .
Notably, Igsf11 −/− SC-CA1 synapses, which showed normal mEPSCs (Fig. 8f,g ), showed suppressed LTP induced by highfrequency stimulation and theta burst stimulation (Fig. 8j,k) . Basal transmission and paired pulse ratio were normal at these synapses, although basal transmission showed a strong tendency to decrease (Supplementary Fig. 13c,d) . These results collectively suggest that IgSF11 deletion leads to distinct changes synaptic transmission and plasticity in two different hippocampal regions.
Normal levels of immature AMPARs in the Igsf11 −/− brain Lastly, we sought to test whether IgSF11 associates with AMPARs early in their secretory pathways to the plasma membrane, such as in the endoplasmic reticulum and cis-Golgi complex (ER-CG), thereby promoting the maturation and forward trafficking of AMPARs. If this is the case, the lack of IgSF11 would hold AMPARs largely in ER-CG and increase the levels of immature AMPARs enriched with N-linked highmannose carbohydrates, which can be detected by their sensitivity to endoglycosidase H (Endo H). We found that the Endo H-sensitive population of GluA2 in the Igsf11 −/− (LacZ) hippocampus was comparable to that in the wild-type hippocampus (Supplementary Fig. 14) . This suggests that IgSF11 does not associate with AMPARs early in their biosynthetic pathways.
DISCUSSION
We found that IgSF11 interacts with PSD-95 and AMPARs to promote synaptic stabilization of AMPARs. IgSF11 deletion in mice leads to two distinct functional changes in the hippocampus; decreased excitatory synaptic strength in DG granule cells and decreased LTP at SC-CA1 synapses. Figure 7 IgSF11 has no effect on the functional properties of AMPARs. (a) IgSF11 coexpression did not affect the deactivation time constant of GluA1 currents evoked by brief applications (1 ms) of glutamate (10 mM). Outside-out patches from HEK293FT cells expressing GluA1i (flip version) alone or GluA1i + HA-IgSF11 were recorded of GluA1 currents using ultrafast perfusion. Currents were normalized for the analysis of time constants. n = 7 for GluA1i and 5 for GluA1i + HA-IgSF11, ns indicates not significant (P > 0.05), Student's t test. (b) IgSF11 coexpression did not affect the desensitization time constant of GluA1 currents evoked by a longer application (1 s) of glutamate (10 mM). We measured GluA1 currents from HEK293FT cells expressing GluA1i alone or GluA1i + HA-IgSF11, followed by quantitative analysis of desensitization time constants. n = 15 for GluA1i and 8 for GluA1i + HA-IgSF11, ns indicates not significant (P > 0.05), Student's t test. (c) IgSF11 coexpression did not affect recovery of GluA1 currents from desensitization. HEK293FT cells expressing GluA1i alone or GluA1i + HA-IgSF11 were recorded and superimposed of the GluA1-mediated currents for responses to brief applications of glutamate with varying time intervals, followed by quantitative analysis of recovery from desensitization (inset, examples of current traces) and time constant of recovery. n = 11 for GluA1i and 9 for GluA1i + HA-IgSF11, ns indicates not significant (P > 0.05), Student's t test.
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The CAR family of immunoglobulin superfamily of proteins contains three close relatives of IgSF11 (CAR, ESAM and CLMP), all of which are expressed in the brain and share a C-terminal PDZ-binding motif (Supplementary Fig. 2) . Some of these proteins have already been shown to interact with PDZ domain-containing proteins in non-neural cells 22 . Specifically, CAR interacts with PSD-95, PICK-1, ZO-1, MUPP-1 and MAGI-1b, and CLMP interacts with ZO-1. Thus, similar PDZ interactions between the CAR family proteins and diverse synaptic PDZ proteins are expected to occur and be important in neuronal cells.
IgSF11 associates with AMPARs, as supported by the coimmunoprecipitation of IgSF11 with AMPARs both in vitro and in vivo (Fig. 2a,b) . The apparently weak co-immunoprecipitation between the two proteins may be attributable to the restricted expression of IgSF11 in the DG region, the weak nature of the cis-interaction involving the transmembrane domain of IgSF11, or the restricted subcellular site of the interaction, occurring mainly at synapses but not in biosynthetic pathways. Notably, this interaction appears to promote the synaptic stabilization of AMPARs and AMPAR-mediated synaptic transmission. In support of this hypothesis, we found that IgSF11 knockdown suppressed mEPSCs in cultured neurons and mEPSCs and EPSC AMPA (but not EPSC NMDA ) in slice culture (Fig. 4) , IgSF11 knockdown increased surface mobility and endocytosis of AMPARs (Fig. 5) , dominant-negative inhibition of IgSF11 decreased mEPSC amplitude (Fig. 6) , and in vivo knockout of IgSF11 by two different methods (gene trap and conventional knockout) decreased mEPSC amplitude, but not frequency (Fig. 8d,e) .
The substantial reductions that we observed in both mEPSC frequency and amplitude in dissociated hippocampal neurons and slice culture CA1 pyramidal neurons (Fig. 4a,d ) contrasts with the small decrease in mEPSC amplitude that we observed in Igsf11 −/− DG granule cells and normal mEPSCs in CA1 pyramidal neurons (Fig. 8d-g ). Whether this represents compensatory changes is unclear, as that we do not have any molecular evidence to support this possibility. However, if it is the case, compensating for the loss of IgSF11 might be easier in CA1 with a weaker (approximately threefold) IgSF11 expression (Fig. 8c) . Notably, IgSF11 knockdown in slice culture CA1 neurons leads to a bigger decrease in mEPSC frequency than in amplitude (Fig. 4d) . This, together with the normal mEPSCs in Igsf11 −/− CA1 neurons (Fig. 8f,g ), suggests the possibility that mEPSC frequency is rescued to a greater extent than the amplitude. If this reflects presynaptic changes, then the stronger IgSF11 expression in the CA1 region relative to CA3 (Fig. 8c, Supplementary  Fig. 2b ) might again be a possible explanation.
Field recordings revealed that Igsf11 −/− MPP-DG synapses display unaltered basal transmission (input-output relationship; Supplementary Fig. 13a ), which contrasts with the reduced mEPSC amplitude in these cells (Fig. 8d,e) . These results, although obtained using two different methods of measuring synaptic strength (synaptic currents versus field potentials), may reflect a weak effect of chronic IgSF11 deletion on synaptic strength. In addition, the normal basal transmission at Igsf11 −/− SC-CA1 synapses (Supplementary Fig. 13c ) contrasts with the strong reduction in EPSC AMPA at those synapses induced by acute IgSF11 knockdown (Fig. 4b,c) . A surprising result was the reduced LTP (both high-frequency stimulation and theta burst stimulation) at Igsf11 −/− SC-CA1 synapses, which contrasts sharply with the normal LTP at Igsf11 −/− MPP-DG synapses (Fig. 8i-k) . This difference may reflect again the stronger IgSF11 expression in DG, or different nature of DG and CA1 synapses. Although further details remain to be studied, the dual role of IgSF11 in the regulation of synaptic strength and plasticity is reminiscent of the dual role of LRRTM4 in the regulation of synaptic strength and activitydependent synaptic AMPAR targeting in DG granule cells 23 .
IgSF11 interacted with PSD-95 and AMPARs and recruited them to sites of IgSF11 adhesion at the cell surface in heterologous cells (Figs. 1 and 2) . In cultured neurons, however, IgSF11 required PSD-95 binding for its excitatory synaptic localization (Fig. 1j) . Assuming that our findings from neurons are more physiological than those from heterologous cells, these results suggest that PSD-95 binding drives IgSF11 to excitatory synapses, where IgSF11 interacts with and regulates AMPARs. Because PSD-95 associates with both IgSF11 and TARPs (transmembrane AMPAR regulatory proteins) 24 , PSD-95 may be able to bring the two proteins (IgSF11 and AMPARs) close together and facilitate their association. Consistent with this hypothesis, re-expression of IgSF11, but not IgSF11 ∆C3 that lacks PSD-95 binding, in Igsf11 −/− DG granule cells rescued the reduced mEPSC amplitude (Fig. 8h) . In addition, IgSF11 ∆C3 suppressed synaptic AMPAR currents in a dominant-negative manner, suggesting that IgSF11 ∆C3 proteins that are mislocalized to extrasynaptic sites may interact with AMPARs and inhibit their synaptic targeting. It is possible that the molar abundance of IgSF11 proteins may not match that of PSD-95 and AMPARs. However, this does not rule out certain levels of contribution of IgSF11 to the synaptic regulation of AMPARs.
IgSF11-dependent synaptic stabilization of AMPARs is reminiscent of the role of neuroligin-1 in synaptic stabilization of NMDARs and AMPARs. Neuroligin-1 directly interacts with the GluN1 subunit of NMDARs through extracellular domains and promotes synaptic retention of NMDARs 12 , consistent with the neuroligin-1-dependent synaptic clustering of NMDARs 25 and promotion of NMDAR-mediated synaptic transmission [26] [27] [28] [29] [30] [31] . Neuroligin-1 also promotes synaptic localization of AMPARs and AMPAR-mediated transmission through its cytoplasmic domains 32, 33 . An apparent difference between IgSF11 and neuroligin-1 is that IgSF11 strongly associated with AMPARs relative to NMDARs, as shown by the weak biochemical association of IgSF11 with NMDARs (Fig. 2a) and a selective reduction in EPSC AMPA , but not EPSC NMDA , by IgSF11 knockdown (Fig. 4b,c) . In this respect, IgSF11 is similar to neuroligin-3 and LRRTM1/2, which preferentially regulates AMPARs relative to NMDARs 26, 33 .
Additional examples of synaptic adhesion molecules that interact with AMPARs are N-cadherin and β3-integrin. N-cadherin associates with AMPARs and promotes the surface expression and synaptic localization of AMPARs, and AMPAR-dependent spine morphogenesis and synaptic transmission 10, 11 . β3-integrin interacts with the GluA2 subunit of AMPARs through cytoplasmic domains and regulates AMPAR-mediated synaptic transmission and homeostatic synaptic plasticity 34, 35 . Some of these functions are also shared by IgSF11, including synaptic AMPAR stabilization and AMPARmediated transmission and plasticity. It should be noted, however, that N-cadherin requires calcium for its homophilic adhesion 36 , whereas IgSF11 does not 15 . In addition, although IgSF11 directly interacts with PSD-95 through its C-terminal tail, N-cadherin interacts with β-catenin in a neuronal activity-and calcium-dependent manner 10, 36 . The extracellular region of β3 integrin interacts with the extracellular matrix and other synaptic adhesion molecules, and the intracellular region interacts with the actin cytoskeleton and diverse signaling molecules 37, 38 . Thus, extracellular and intracellular domains of N-cadherin, β3 integrin and IgSF11 may have distinct influences on AMPARs.
Synaptic localization, function, and plasticity of AMPARs are regulated by transmembrane AMPAR auxiliary proteins 24 . Specific examples include TARPs, CNIHs, CKAMP44, SynDIG1 and GSG1L 24,39-44 . npg a r t I C l e S TARPs are unique among these proteins in that they regulate both the trafficking and functional properties of AMPARs 24 . Is IgSF11 one of the AMPAR auxiliary proteins? We suspect not because IgSF11 was not isolated in proteomic analyses of AMPAR complexes [39] [40] [41] 44 , IgSF11 does not regulate the functional properties of AMPARs (Fig. 7) , IgSF11 does not regulate the forward trafficking of AMPARs (Supplementary Fig. 14) , and synaptic stabilization of AMPARs by IgSF11, which we propose is one of the primary functions of IgSF11, predicts their short-term interactions at the synapse.
A growing body of evidence indicates that synaptic adhesion molecules interact with neighboring receptors and adhesion molecules in a cis manner. Neuroplastin-65 cis-interacts with a small fraction of GABA A receptors and regulates their synaptic localization and subunit compositions 13 . Slitrk5 cis-interacts with TrkB receptors, in addition to its trans interaction with PTPδ, in a manner requiring BDNF stimulation to promote TrkB targeting to Rab11-positive recycling endosomes 37 . Neuroligin-1 interacts in cis with neurexin-1β on dendrites and inhibits the trans-synaptic interaction between neuroligin-1 and presynaptic neurexins, suppressing neuroligins-1-dependent excitatory synapse formation 38 . Similarly, postsynaptic MDGA1 interacts in cis with neuroligin-2 and suppresses neuroligin-2-dependent inhibitory synapse formation 45, 46 . Postsynaptic SynCAM1 cis-interacts with each other to modulate adhesive properties, promote synapse formation and modulate synapse structure 47 . In addition, NGL-1, an excitatory postsynaptic adhesion molecule, binds to presynaptic netrin-G1, and enhances the cis interaction between netrin-G1 and LAR, a presynaptic receptor tyrosine phosphatase, to promote presynaptic differentiation 48 . These results, together with our and other findings, suggest that synaptic adhesion molecules can interact in cis with adjacent receptor proteins as well as adhesion molecules.
It is unclear whether IgSF11 mediates homophilic or heterophilic trans-synaptic adhesion at excitatory synaptic cleft. We favor the possibility of homophilic adhesion. Our results indicate that IgSF11 interacts homophilically, but not heterophilically, with the synaptic adhesion molecules that we tested (Supplementary Fig. 4d ). In addition, our molecular modeling based on the X-ray crystal structure of CAR 49 , a close relative of IgSF11, predicts that the width of the synaptic cleft, known to be about ~20-24 nm long 50 , may be covered by the extracellular adhesion of IgSF11 (~15-21 nm) (Supplementary Fig. 15 ).
In conclusion, we identified a previously unknown tripartite interaction among IgSF11, PSD-95 and AMPARs, and our findings suggest a concerted role for IgSF11 and PSD-95 in the regulation of AMPARmediated synaptic transmission and plasticity. Our results add to the growing evidence that synaptic adhesion molecules regulate synaptic strength and plasticity, as well as synapse development.
METhODS
Methods and any associated references are available in the online version of the paper. To determine the desensitization time constant, 10 mM glutamate was applied for 1 s. Recovery from desensitization was measured using a paired pulse protocol and an increasing interpulse interval. Data analysis was performed using axograph 4.6 (Molecular devices) and graphed using Kaleidagraph 3.5 (Synergy software) and Excel 2004 (Microsoft). Statistical analysis was done using Instat 2.03 (Synergy software).
Universal points-accumulation-for-imaging-in-nanoscale-topography (uPAInt). AMPAR mobility on hippocampal neurons was assessed using the uPAINT technique as reported 64 . Hippocampal neurons were cultured from E18 Sprague-Dawley rats following a method previously described 65 . Briefly, hippocampal neurons from 18-d-old rat embryos were cultured on glass coverslips following the Banker method. After 10 d in vitro, neurons were co-transfected with Homer 1C-GFP (a postsynaptic marker) and sh-IgSF11#1 or sh-IgSF11#1*. 2-3 d after transfection, cells were used for mobility recordings in uPAINT. Briefly, transfected cells were mounted on a Ludin chamber filled with 600 µl of cooled HEPES based solution. A low concentration of ATTO 647 nm-coupled anti-GluA2 antibodies was then added to the chamber. Stochastic labeling of coupled antibodies on endogenous GluA2-containing AMPA receptors allowed us to record thousands of trajectories lasting over 1 s. Analysis and representation of these single-particle tracking movies were performed with a homemade software developed under MetaMorph (kindly provided by J.-B. Sibarita, Interdisciplinary Institute for Neuroscience).
generation of Igsf11 −/− (lacZ) and Igsf11 −/− mice. A mouse ES cell line (JM8. N4 , strain C57BL/6N) dual trapped and targeted in the Igsf11 gene was provided by the Knockout mouse project (KOMP) and originated from the international knockout mouse consortium (IKMC). The targeting cassette contained non-genomic region between two FRT sites including the En2 (Engrailed-2) splice acceptor upstream of the IRES-lacZ, human β-actin promoter, neomycin gene, a polyadenylation signal and floxed Igsf11 gene exon3. The gene targeting scheme has been described 66 . Igsf11 mutant mice were generated by homologous recombination in embryonic stem cells and implanted into C57BL/6 albino-type blastocysts using standard procedures to generate chimera in the same B6 genetic background. Heterozygotes (N1; Igsf11 −/− (LacZ) ) were backcrossed to C57BL/6J for 3-5 generations. To produce conventional KO mice with exon 3 deletion, Igsf11 −/− (LacZ) mice were crossed with a protamine-Cre mouse line (JAX 007252), which efficiently targets floxed genes in the male germline 67 . Littermates derived from heterozygous parents were used for all analysis. Genotyping of the Igsf11 −/− (LacZ) mice was performed using PCR and the following three primers; P1 (5′-CAC ATG CAC AGG AAG GTC CTC-3′), P2 (5′-CCA ACT GAC CTT GGG CAA GAA C -3′), P3 (5′-CGC CGT CAA ACA TTT GTC CAC-3′). The size of the PCR products for WT (P1 and P3) and mutant (Igsf11 −/− (LacZ) ; P1 and P2) genes were 533 and 316 bp, respectively. For genotyping of IgSF11-floxed mice and exon 3-deleted (Igsf11 −/− ) mice, we used the following PCR primers; P1 (5′-ACA TGC ACA GGA AGG TCC TCA TT -3′), P3 (5′-GCG CCG TCA AAC ATT TGT CCA C-3′), P4 (5′-AGG ATG TCC TTA AGA GTA CAC AGG AG -3′). The size of the PCR products for Igsf11-floxed (P1 and P3) and exon 3-deleted (Igsf11 −/− ) (P1 and P4) genes were 533 and 433 bp, respectively. Both male and female mice were used for X-Gal staining and mEPSCs measurements. All mice were bred and maintained according to the KAIST Animal Research Requirements, and all procedures were approved by the Committees of Animal Research at KAIST. Mice were fed ad libitum by standard rodent chow and tap water, and housed under 12-h light/dark cycle (lights off at 19:00 in KAIST).
X-gal staining. For X-Gal staining, mice at various developmental stages were transcardially perfused with heparin in phosphate-buffered saline without 4% paraformaldehyde for β-galactosidase activity. Sagittal brain slices (300 µm thick) were incubated with X-Gal (1 mg ml −1 ). endo H and Pngase F digestion. To digest high-mannose oligosaccharides and all N-linked carbohydrates, we tried digestion of brain lysates with Endo H and PNGase F (New England BioLabs), respectively, according to manufacturer's protocols. Briefly, mice hippocampal lysates were denatured by heating at 100 °C for 10 min and incubated with Endo H or PNGase F at 37 °C for 1 h, followed by immunoblotting with GluA2 antibodies.
Brain lysates preparation. Whole mouse brain lysates (3 weeks) were prepared as previously described 68 . After the brain dissection, obtained brain tissues were briefly homogenized in three volumes of ice-cold homogenization buffer (0.32 M sucrose, 10 mM HEPES pH 7.4, 2 mM EDTA, protease inhibitors, phosphatase inhibitors). Protein concentrations were measured by the Bradford assay. The relative amount of α-tubulin was used as a loading control. The immunoblot intensity were measured using Metamorph 7.1 (Molecular Devices).
electrophysiology-mini and patch recordings. Electrophysiological recordings for whole-cell patch were performed as previously described 56, 62, 69 . Briefly, acute sagittal hippocampal slices (300-400 µm thick for whole-cell recordings) from WT and Igsf11 −/− mice (2-3-week-old littermates for whole-cell recordings) were prepared using a vibratome (Leica VT1200s) in ice-cold high sucrose cutting solution containing (in mM) 212 sucrose, 25 NaHCO 3 , 5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 3.5 MgCl 2 , 10 d-glucose, 1.25 l-ascorbic acid, 2 sodium pyruvate equilibrated with 95% O 2 /5% CO 2 . The slices were then allowed to recover at 32 °C for 30 min in artificial cerebral spinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.3 MgCl 2 , 10 d-glucose) with pH 7.3-7.4 and osmolarity 296-300 mOsm and maintained at 21-23 °C before recordings (0.5 ~1 h).
Whole-cell patch recordings were performed with recording pipettes pulled from borosilicate glass capillaries (Harvard Apparatus, 1.5 mm OD, GC150T-7.5) with a micropipette puller (Narishige PC-10). For whole-cell recordings, CA1 pyramidal cells or DG granule cells were held at −70 mV with recording pipettes (3-4 M) at 30.5 °C (400 µm slice thickness) using Multiclamp 700B amplifier (Axon Instruments) except for that DG and CA1 whole-cell recordings of Igsf11 −/− (LacZ) slices (300 µm) were performed at −60 mV at 21-23 °C using a Axopatch 200B (Axon Instruments). For mEPSC recordings, Cs-based intracellular solution contained (in mM) 110 cesium gluconate, 30 CsCl, 20 HEPES, 4 MgATP, 0.3 NaGTP, 4 NaVitC, 0.5 EGTA with pH 7.3 and osmolarity ~295 mOsm. Picrotoxin (100 µM) and TTX (0.5 µM) was used to inhibit inhibitory synaptic currents and sodium channel-mediated action potentials, respectively. For consistent mEPSC measurements, the baseline was monitored for 5~10 min, and mEPSCs began to be measured at the same time point after whole-cell access was established to minimize time-dependent fluctuation. Liquid junction potentials were not corrected. Series access resistance was 15-30 MΩ, and only the cells with a change in series access resistance <20% were included in the analysis.
For extrasynaptic AMPAR experiments, AMPA-mediated whole-cell currents were obtained by bath application of 1 µM (S)-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (S-AMPA) for 5 min in the presence of 1 µM TTX and 100 µM picrotoxin after stable 5~10 min baseline holding currents were established. Reagents were purchased from Tocris (tetrodotoxin, (S)-AMPA), and Sigma (picrotoxin). electrophysiology field recordings. Acute hippocampal slices (400 µm thick, sagittal slice for CA1, sagittal or coronal slice for DG) were used for extracellular field recordings at 28-30 °C (TC-324B, Warner Instruments). Field excitatory postsynaptic potentials (fEPSPs) were recorded with glass electrodes (1-5-MΩ tip resistance) filled with ACSF or 3 M NaCl, and evoked every 20 s with a stimulating glass electrode filled with ACSF. The recording electrode was also placed in the medial perforant path (MPP) for DG or in stratum radiatum for CA1 but ~200 µm away from the stimulating electrode. fEPSPs in the DG were recorded in the presence of 100 µM picrotoxin (Sigma).
For input-output experiments measuring basal transmission, input was the peak amplitude of the fiber volley, and the output was the initial slope of the fEPSP from averages of five individual traces. For each slice, we established an initial input-output (I-O) curve, by measuring fiber volley amplitudes and initial slopes of the fEPSPs in the range of stimulation from 5 to 50 µA with 5-µA increments. To assess statistical difference for the Input-output relationships, linear regression was performed on the individual slices to calculate the linear fit slope as the slope of the linear input-output relationship 70 . Then, stimulus strength was adjusted to yield ~30-40% of the maximal fEPSP slope. Paired pulse ratios were determined by evoking two fEPSPs (averages of three individual traces) that are 20-3,000 ms apart and dividing the initial slope of the second fEPSP by that of the first (fEPSP2/fEPSP1). The paired pulses were delivered every 10 s.
For synaptic plasticity experiments, CA3 was removed to minimize epileptic activities. LTP at SC-CA1 synapses was induced by a single tetanus of 100 pulses npg at 100 Hz, or theta burst stimulation consisting of ten trains of four pulses at 100 Hz, delivered at an inter-train interval of 200 ms, repeated four times at 20-s interval. LTP at MPP-DG synapses was induced by four trains of tetanus of 100 pulses at 100 Hz with 20-s intervals.
electrophysiology data acquisition and analysis. All the recording data were filtered at 1 or 2 kHz and digitized at 10 kHz. Analog to digital conversion was performed using Digidata 1320A or 1440A (Molecular Devices). Data were acquired using Clampex 9.2 or 10 (Molecular Devices), and analyzed using custom macros written in Igor Pro 4.0 (Wavemetrics), Minianalysis 6.0.7 (Synaptosoft), and Clampfit 10 (Axon Instruments). The experimenters were blind to the genotypes of the mice. molecular modeling of IgSF11 homophilic adhesion. The structure of the extracellular domain from mouse IgSF11 was modeled by homology modelling, using as a template the crystal structure of the extracellular domain of CAR (a close relative of IgSF11) (PDB ID: 3JZ7; http://www.rcsb.org/pdb/home/home.do) 71 , which shows 34% aa sequence identity with mouse IgSF11, and SWISS-MODEL server (http://swissmodel.expasy.org) 72 . The homophilic dimer of IgSF11 was modeled also using the homodimeric structure of mouse CAR 71 , which yielded an initial dimeric structure. Rigid body docking simulation on this initial dimer (an input model) was performed using RosettaDock server 73 . This simulation generated 1,000 structures and returned ten structures with best scores, of which three with different orientations and lowest energy levels were selected as final models. All structural images were generated using PyMOL molecular visualization software (version 1.3; http://www.pymol.org) 74 .
experimental designs. The experiments involving representative figures such as western blot analysis and immunofluorescence/X-Gal staining were performed at least three times. Experiments, data collection, and analyses were performed by researchers blinded to the experimental conditions. For proper exclusion of data points, the following criteria were established before data collection. Animals in which the virus expression could not be observed were excluded. Cells that are morphologically unhealthy were excluded. In input-output experiments, slices, in which the slopes that did not achieve a fit of R square > 0.80, were discarded from the analysis. In whole-cell experiments, cells, which did not fulfill the standard criteria, were excluded by monitoring the electrophysiological properties, including cell capacitance, input resistance, series resistance, resting membrane potential, and baseline holding current.
Statistics.
No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field. All the data were randomly collected. Data distribution was assumed to be normal but this was not formally tested. Statistical tests and data point plotting were performed using GraphPad Prism 6.
A Supplementary methods checklist is available.
